Abstract. A quantification method to measure endocytosis was designed to assess cellular uptake and specificity of a targeting nanoparticle platform. A simple N-hydroxysuccinimide ester conjugation technique to functionalize 100-nm hollow silica nanoshell particles with fluorescent reporter fluorescein isothiocyanate and folate or polyethylene glycol (PEG) was developed. Functionalized nanoshells were characterized using scanning electron microscopy and transmission electron microscopy and the maximum amount of folate functionalized on nanoshell surfaces was quantified with UV-Vis spectroscopy. The extent of endocytosis by HeLa cervical cancer cells and human foreskin fibroblast (HFF-1) cells was investigated in vitro using fluorescence and confocal microscopy. A simple fluorescence ratio analysis was developed to quantify endocytosis versus surface adhesion. Nanoshells functionalized with folate showed enhanced endocytosis by cancer cells when compared to PEG functionalized nanoshells. Fluorescence ratio analyses showed that 95% of folate functionalized silica nanoshells which adhered to cancer cells were endocytosed, while only 27% of PEG functionalized nanoshells adhered to the cell surface and underwent endocytosis when functionalized with 200 and 900 μg, respectively. Additionally, the endocytosis of folate functionalized nanoshells proved to be cancer cell selective while sparing normal cells. The developed fluorescence ratio analysis is a simple and rapid verification/validation method to quantify cellular uptake between datasets by using an internal control for normalization.
Introduction
Diverse nanoparticle-based technologies are being developed for an array of biomedical applications, including drug delivery. These nanoparticles are typically synthesized using polymeric, [1] [2] [3] [4] liposomal, [5] [6] [7] [8] or inorganic formulations. [9] [10] [11] [12] Most current cancer treatments do not greatly discriminate between cancerous and normal cells leading to systemic toxicity and adverse effects. Additionally, complete distribution into cancerous sites requires the administration of a drug in large doses, which further results in undesirable toxicity. Certain desirable attributes for nanocarriers are improved in vivo circulation, preferential accumulation and cellular uptake at target sites with minimal concentration in healthy tissues, and improved solubility, biocompatibility, and stability of therapeutic compounds. 13 Many cancer therapeutics are hydrophobic drugs with poor bioavailability, solubility, and in vivo stability. As a result, these drugs are packaged with surfactants and other products which can have adverse side effects.
14 For therapeutics currently in development, such as siRNA, other nucleic acid based therapies, and catalytic enzymes, the in vivo half-life can be as short as a few minutes, therefore, a delivery vehicle is often necessary for increased effectiveness. [15] [16] [17] Encapsulation within a nanoparticle is one method being explored to aid in drug delivery. [18] [19] [20] [21] [22] [23] Elevated expression of the folate receptor (FR) occurs in many human cancers, which has led to the development of several folate targeting drug delivery systems. 24 Folate targeting has emerged as an attractive strategy for nanoparticle delivery due to: (a) the overexpression of FR α in a wide variety of human cancers including ovarian, breast, and colorectal cancers, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] (b) FRs high-binding affinity for folic acid (K d ≈ 0.1 nM) and rapid internalization, 35 and (c) the decreased risk of folate targeted nanoparticles interacting with normal tissue. The few FRs that are expressed in normal cells are inaccessible from the circulation due to their location on the apical (i.e., lumen facing) surface of polarized epithelia. [36] [37] [38] Therefore, the overexpression and accessibility of the FR in many cancer cells suggests that it may be possible to concentrate a toxic dose to the diseased tissues while sparing the normal tissue from exposure to potent chemotherapeutics. 39 A variety of methods have been studied to prepare targeted nanoparticles. [40] [41] [42] [43] [44] Folate targeting has been used to specifically target and deliver nanoparticles to a diverse range of cancers. [45] [46] [47] [48] Several studies have shown effective folate targeting with silica, [49] [50] [51] gold, [52] [53] [54] [55] iron-oxide, 12, 56 liposome, [57] [58] [59] and polymer nanoparticles. [60] [61] [62] This work and several other studies suggest that cancer cells can be targeted with folate functionalized nanoparticles and used as effective drug delivery vehicles.
Various techniques have been employed in quantifying cellular uptake and/or surface adhesion of nanoparticles. These techniques primarily involve quantification through fluorescence, mass, or atomic spectroscopy measurements. [66] [67] [68] [69] [70] Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and transmission electron microscopy (TEM) have been used in tandem to distinguish adhesion and internalization of gold particles into HeLa cells as a function of size, concentration, aspect ratio, and incubation time. 71 Fluorescence and confocal microscopy and ICP-AES spectroscopy have been used to quantify the uptake of superparamagnetic, folate/polyethylene glycol (PEG) functionalized magnetite particles in breast cancer and mouse macrophage cells. 45 The latter study found that functionalizing the surface of the particles with folate and PEG reduced protein adsorption and facilitated particle uptake. It is important to note that ICP-AES is not always an adequate technique to quantify intracellular uptake of magnetite nanoparticles due to endogenous iron present in cells which may introduce variability and poor reproducibility. Several of these techniques are frequently used in combination to quantify nanoparticle cell uptake and to distinguish particle adhesion to the cell surface from particle endocytosis. For example, in the study by Win et. al., the efficiency of targeted PLGA particle uptake in human colon adenocarcinoma cells was examined by detecting fluorescent markers with a fluorescence microplate reader, after performing multiple rigorous washing steps and lysing the plated cells. Subsequently, the data was confirmed qualitatively with confocal laser scanning microscopy, cryoscanning electron microscopy, and TEM to determine if the nanoparticles were internalized within cells 72 instead of adhering to the cell surface. One goal of the present study is to develop a simpler quantification method to measure endocytosis and to assess cellular uptake and specificity of a targeting nanoparticle platform. Hollow silica nanoshells were chosen for this investigation since they are of interest, as this platform can potentially be used to deliver a payload 73, 74 that has been incorporated inside their hollow core, while leaving their surface free to be functionalized with a targeting ligand and/or a fluorescent reporter. A new fluorescence ratio analysis method is described. It was performed exclusively with the use of fluorescence and confocal microscopy images in order to quantify and differentiate between nanoparticle cell adhesion and intracellular uptake of 100-nm hollow silica nanoshells functionalized with folate. This was made possible with an internal standard for normalization and validation. To our knowledge, this is the first time that a simple fluorescence ratio analysis to quantify endocytosis using confocal microscopy has been described.
Experimental

Materials
Tetramethyl orthosilicate (TMOS), (3-aminopropyl)-triethoxysilane (APTES), N-hydroxysuccinimide (NHS), N-(3-dimethylaminopropyl)-N 0 -ethylcarbodiimide hydrochloride (EDAC), dimethyl sulfoxide (DMSO), and folic acid were obtained from Sigma-Aldrich (St. Louis, Missouri). Monomethoxypoly (ethylene glycol)-carboxymethyl (mPEG-CM, 2000 MW) was purchased from Laysan Bio (Arab, Alabama). The 100-nm amine functionalized polystyrene (APS) beads (2.5% w/w) were purchased from PolySciences Ltd (Warrington, Pennsylvania). HeLa cervical cancer cells and human foreskin fibroblast (HFF-1) were purchased from ATCC (Manassas, Virginia); Dulbecco's phosphate buffer saline solution (DPBS 1×) and fetal bovine serum (FBS) were purchased from Mediatech, Inc. (Manassas, Virginia). RPMI 1640 folate free medium, media supplements, Hoechst 33342, wheat germ agglutinin (WGA), fluorescein isothiocyanate (FITC), Prolong Gold, and CellTracker CMFDA green, CellTracker CMAC blue, CellTracker CMPTX red intracellular stains were obtained from Life Sciences Corporation (Carlsbad, California). Nunc LabTek II 4-well chamber slides and paraformaldehyde (PFA) were purchased from ThermoFisher Scientific (Fair Lawn, New Jersey). All chemicals and reagents were used as received or as described in manufacturer protocols unless otherwise stated.
Preparation of Hollow Silica Nanoshells
Silica nanoshells were prepared using a previously reported method. 10, 74, 75 Briefly, this was accomplished by taking APS beads (100 μl, 2.5% w/w) and suspending them in absolute ethanol (1.75 mL). TMOS (6.5 μl) was added to this suspension. The mixture was stirred with a vortex mixer at room temperature at a speed of 900 rpm. After 12 h of stirring, a white precipitate was collected by centrifugation, washed with ethanol, and dried in vacuum for 48 h at room temperature to give 4.1 mg of coreshell spheres. The APS core was removed by calcining the 4.1 mg of core-shell nanoshells by heating in air at 5°C per minute to 500°C and maintaining this temperature for 24 h. About 1.5 mg of hollow SiO 2 nanoshells were collected as a white powder.
Preparation of NHS-Folate and NHS-mPEG
Active intermediate N-hydroxysuccinimide-folate (NHS-folate) was synthesized by adding NHS (0.94 mg), EDAC (1.57 mg), folic acid (3 mg), and DMSO (1 mL) in a 2-mL Eppendorf tube. This mixture was vortex mixed at 3000 rpm for 24 h and used within 24 h to functionalize nanoshell surfaces with folate. Similarly, N-hydroxysuccinimide-mPEG (NHS-mPEG) was prepared by weighing out NHS (0.94 mg), EDAC (1.57 mg), and mPEG (13.6 mg, molar equivalent to 3 mg of folic acid) in an Eppendorf tube. Contents were suspended in 1 mL of DMSO, and the mixture was vortex mixed at 3000 rpm for 24 h. The final solution was used within 24 h to prepare nontargeted PEG functionalized nanoshells.
Amine Surface Functionalization of SiO 2 Hollow
Nanoshells with APTES Before functionalizing nanoshell surfaces with FITC, NHSfolate, and/or NHS-mPEG, nanoshells had to be first amine functionalized. This was accomplished by suspending particles (3 mg) in a solution composed of ethanol (1 mL) and APTES (0.3 μL) in a 2-mL Eppendorf tube. The suspension was stirred for 2 h and the nanoshells were collected by centrifugation, washed twice with ethanol, and resuspended in DMSO (1 mL). Quantification of the maximum amount of folate on nanoshell surfaces was performed on nanoshells functionalized only with NHS-folate. During particle functionalization, supernatants from the wash steps were collected and analyzed by UV-Vis spectrophotometry (Perkin Elmer Lambda Scan 35). To calculate the amount of folate retained by the particles, the absorbance peak at λ ¼ 350 nm, which is also observed by other groups, [76] [77] [78] was converted into a concentration and multiplied by the volume of the washes resulting in a known mass of folate which was not conjugated onto the particle. This mass was subtracted from the known starting mass of the folate added to the particles during the synthesis reaction to calculate the amount of folate on the surface of the total particles. Using a previously reported weight factor equation method, 74 an estimate of the number of nanoshells used in the synthesis reaction was calculated along with the amount of folate actually present on the surface of the total particles, to determine the average value of folate molecules per nanoshell.
Incorporation of FITC on nanoshell surfaces was evaluated using fluorescence spectroscopy analysis. Fluorescence intensities were measured using a Tecan Infinite M200 microplate reader at an excitation λ of 490 nm and an emission λ of 520 nm. Nanoshells were suspended in PBS at a particle concentration of 20 μg∕ml and were measured in triplicate.
Cell Culture-HeLa Cells Only Samples
HeLa cervical cancer cells were grown at 5 × 10 4 cells∕well on Nunc Lab-Tek II 4-well chamber slides in RPMI 1640 folate free medium supplemented with 10% FBS and 1% antibiotics (penicillin, streptomycin, glutamine) at 37°C in a humidified atmosphere of 5% CO 2 . Before starting cell adhesion/endocytosis experiments, the cells were grown to 60 to 80% well confluency.
Cell Culture-Nanoshell Selectivity Experiments
Using 15-mL falcon tubes, HeLa and HFF-1 cells were individually stained in an RPMI 1640 folate-free complete media suspension (2 mL) following manufacturer guidelines. Briefly, HeLa cells were stained with CMPTX CellTracker Red intracellular stain (final concentration of 5 μM), while HFF-1 cells were stained with CMAC CellTracker Blue (20 μM) for 30 min while under gentle agitation using a Barnstead/Thermolyne Labquake rotisserie in order to prevent cells from adhering to falcon tubes. Cells were washed twice to remove excess dye and resuspended in RPMI 1640 folate free complete media. Since normal cells tend to grow at a slower pace than cancer cells, HFF-1 were mixed with HeLa cells at a 3∶2 ratio before being plated on Nunc Lab-Tek II 4-well chamber slides in RPMI folate free complete media. Samples were incubated at 37°C in a humidified atmosphere of 5% CO 2 for 24 h to allow the cells to adhere to slide surfaces.
Cell Adhesion/Endocytosis Experiments
In order to determine the extent of nanoshell cell adhesion/endocytosis, HeLa cell samples were incubated with folate/FITC (100 μg∕mL) or PEG/FITC (100 μg∕mL) functionalized SiO 2 nanoshells for 24 h in RPMI folate free complete media at 37°C in a humidified atmosphere of 5% CO 2 . Afterward, cells were washed twice with DPBS and labeled with WGA membrane stain (5 μg∕mL) and Hoechst nucleus dye (0.01 μg∕ mL) in DPBS for 30 min. Subsequently, cells were washed 3× with DPBS to remove any excess dye, fixed with 4% PFA in DPBS solution, washed twice more with DPBS, and covered with Prolong Gold antifade reagent in order to prepare samples for visualization by fluorescence and/or confocal microscopy.
This protocol was adapted for the nanoshell selectivity experiments, with the notable exception of the staining step, as cells were prestained before cell plating in order to distinguish cell types, and incubating nanoshell concentrations were reduced to 50 μg∕mL. Prestaining does not affect cell viability or proliferation as described by the manufacturer.
Fluorescence Microscopy of Nanoshell Cell Adhesion
Fluorescence microscopy was used to visualize the adhesion of folate/FITC or PEG/FITC functionalized SiO 2 nanoshells in adhesion/selectivity experiments. Three individual fluorescent images (blue, red, and green channels) were captured using a Zeiss AxioImager Z1 (Carl Zeiss Inc., Thornwood, NY) fluorescence microscope and a 1.4 mega-pixel Photometrics Cool-SNAP HQ 2 camera with the appropriate color filter. The samples were imaged at 40× magnification and had an image resolution of 0.1566 μm∕pixel. The green fluorescence images were visualized using a Zeiss 38HE filter set. Zeiss filter sets 49 and 32 were used to visualize the blue and red fluorescence, respectively. The resulting images were compiled and processed using ImageJ (NIH, Bethesda, Maryland). The excitation source was a short arc mercury lamp.
Confocal Microscopy Studies of Nanoshell Uptake by HeLa Cells
Confocal microscopy was employed to visualize the uptake of folate/FITC or PEG/FITC functionalized SiO 2 nanoshells by HeLa cervical cancer cells. Z-stack images were captured using a Zeiss LSM510 laser scanning microscope using a PlanApochromat 100× 1.4 NA oil objective lens. Sequential 90 μm × 90 μm (frame size 1024 × 1024) sections were acquired at 0.7 micron intervals in the z direction with excitation wavelengths of 364, 488, and 543 nm. The same microscope settings which include image acquisition and exposure times were used to eliminate additional variation. All samples, including controls, were performed with the same antibody stock and the same cell passage.
Results and Discussion
Characterization of Functionalized SiO 2 Hollow Nanoshells
As shown in Fig. 1 , hollow silica nanoshells were functionalized with 20 μg of FITC and varying amounts of NHS-folate or NHS-mPEG (PEG 2000 kDa), at 200, 20, 2, or 900, 90, 9 μg, respectively. Hollow silica nanoshells were used due to their broad range of applications and their growing interest in the field. 73, 74, 79 Hollow calcined silica nanoshells, which were used in the present study, have shown that they can remain intact in human serum up to 24 days and can be doped with iron to make them biodegradable. 80 Folate was used as a targeting ligand because FRs type α are frequently over-expressed in cancer cells. PEGylation typically decreases cell internalization, 81, 82 Fig. 1 Nanoshell synthesis and functionalization. 100-nm amine functionalized polystyrene beads were mixed with hydrolyzed tetramethyl orthosilicate which was used as a precursor for the silica shell. Polymer-core nanoshells were calcined at 500°C to form porous hollow silica nanoshells. (3-aminopropyl)-triethoxysilane was added for amine functionalization on the nanoshell surface. Active N-hydroxysuccinimide-polyethylene glycol (NHS-PEG) or NHS-folate was functionalized on the nanoshell surface along with fluorescein isothiocyanate (FITC). therefore, PEG nanoshells were used to compare low-internalizable particles to folate nanoshells which are highly internalizable. PEG was functionalized on the nanoshell surface at the same molar ratio as folate to nanoshells, in order to have molar equivalent nanoshell controls. Plain and functionalized nanoshells were characterized by SEM and TEM as shown in Fig. 2 . All samples were verified to be round shaped hollow nanoshells with narrow size distributions. No significant morphological differences were observed after nanoshell surface modification. In addition, size distribution of nanoshells was quantified by measuring the diameter of nanoshells using TEM images. The average size AE SD of nanoshells are shown in Table 1 .
For net surface charge characterization, electrophoretic light scattering was used to measure zeta potentials as shown in Table 2 . The zeta potential measurements show that as nanoshells were functionalized with increasing amounts of PEG, the zeta potentials remained constant. Conversely, when nanoshells were coated with increasing amounts of folate, the nanoshell charge became increasingly more negative, probably due to the presence of more folate molecules on the surface of the nanoshells in their deprotonated folate carboxylic state, resulting in a greater net negative charge. This increase in net negative charge suggests that as folate is increased during the nanoshell functionalization step, the particles become more colloidally stable and more resistant to aggregation in water.
DLS was employed to measure the polydispersity of nanoshells and confirm consistency between particle batches ( Table 2 ). The hydrodynamic diameter is not reported due to sample absorbance and fluorescence from the FITC and folate. The zeta potential measurements are less affected by optical distortion since it is based on measuring the electrophoretic mobility of particles.
FITC incorporation was measured in order to determine if the amount of FITC conjugated on the nanoshell surfaces was consistent for plain, PEG, and folate functionalized nanoshells. As shown in Fig. 3 , SiO 2 -FITC nanoshells had the most FITC incorporation. Nonetheless, all samples conjugated with FITC were within the same order of magnitude. For folate nanoshells, FITC conjugation was consistent at 2, 20, and 200 μg folate, whereas FITC incorporation was higher for PEG nanoshells at higher PEG concentrations. It is important to note that the fluorescence intensities for FITC-folate nanoshells were slightly lower than for plain nanoshells and nanoshells functionalized with PEG. These differences may be due to the surface area available for ligand attachment, competition, different chemical structures, and different local surface environment/pH which may alter the conjugation chemistry.
Quantification of Maximum Amount of Folate on Nanoshell Surfaces
The maximum amount of folate on nanoshell surfaces was estimated by using a previously reported weight factor equation 74 (See Appendix) and UV-Vis spectrophotometry to calculate the amount of folate conjugated on three different nanoshell batches after NHS-folate only functionalization. Any folate not present in the supernatant was assumed to be functionalized onto the nanoshells. As shown in Fig. 4 , the results showed that as Fig. 4(b) ]. Taking into account that SiO 2 nanoshells are porous as determined by previous BET results, 79 it is highly probable that folate molecules could seep into the nanoshell interior surface areas, as well as the pore area in the shell wall. In order to account for this, the number of folate molecules was calculated using the BET data 79 and a weight factor equation (See Appendix), which suggest that about 14% of the folate molecules are present on the nanoshell outer surface, while the remaining folate molecules would cover the nanoshell inner surface and the shell pores within the shell wall, since only 14% of the total surface area is the outer surface area. The 2-μg sample calculations are not being reported because UV-Vis data for these batches were below detection levels.
Nanoshell HeLa Cell Adhesion Experiments and Fluorescence Microscopy Image Analysis
To evaluate the extent of target-specific cellular adhesion of folate functionalized nanoshells, FR overexpressing HeLa cancer cells were used in vitro and were studied and visualized using florescence microscopy. As shown in Fig. 5 , incorporating a higher amount of folate on the nanoshell surface resulted in an increase of nanoshell binding to the surface of HeLa cells. Furthermore, at higher folate concentrations, the nanoshells adhering to the cell surface appeared more dispersed and formed a uniform coating around cells. Nanoshells with less folate on their surface tended to attach to cells in large bright clumps. HeLa cell samples were also incubated with low-internalizable PEG functionalized nanoshells and compared to their folate functionalized nanoshell molar equivalent counterparts. As shown in Fig. 6 Fig. 6(g) ] showed little to no particle adhesion. In order to quantify and confirm that these green particle-like features were due to the adhesion of nanoshells and not an optical artifact, a modified version of a previously reported fluorescence ratio analysis 83 was performed on cell outlines using the individual red and green channel images. Briefly, using Image J, cytoplasmic cell outlines were created to measure the extent of nanoshell adhesion on cells. If there was significant contact between neighboring cell membranes, those cells were excluded from analysis. If cells came into some contact, the boundaries of the cells were outlined without overlapping. The cell outlines were based on the individual red channel images and were applied to the same location/coordinates on their green channel counterparts by using the ROI manager in Image J. The Image J analyze/measure tools were used to determine the mean fluorescence values inside the cell outlines for both the green and red channels, which in turn were used to calculate the fluorescence ratio, i.e., mean green fluorescence divided by mean red fluorescence, of each outlined cell. Division by the mean red fluorescence intensity of each cell outline was used as an internal control in order to allow for the comparison of corresponding normalized values for different datasets. Hereafter, fluorescence ratio will be defined as the mean green fluorescence intensity divided by the mean red fluorescence intensity (FL I) of each cell outline. Several approaches were considered in order to determine the best quantification method including mean green FL I/ROI area, mean green FL I/mean blue FL I, and IntDen green FL I/red FL I, however, we found that the best method was mean green FL I/mean red FL I applied with a background subtraction since the mean red fluorescence intensity was used as an internal control for normalization.
As can be seen in Fig. 7 , the fluorescence ratio analysis shows that HeLa cells incubated with folate functionalized nanoshells tend to have larger fluorescence ratios than the corresponding PEG nanoshell samples. The fluorescence ratio values increase significantly as folate concentrations increased, going from a value of 0.34 (SE AE 0.018) for nanoshells synthesized with 2-μg of folate to 0.77 (AE0.028) for nanoshells synthesized with 200-μg of folate. In contrast, the fluorescence ratio values for increasing PEG samples were constant, ranging from 0.30 (AE0.006) for nanoshells fabricated using 9 μg of PEG to 0.37 (AE0.007) for nanoshells produced using 900 μg of PEG. Moreover, when the fluorescence ratios of folate and their molar equivalent PEG nanoshells counterparts were compared, it was found that folate functionalized nanoshells were always greater than PEG nanoshells. When comparing nanoshells functionalized with 200-μg folate∕20-μg FITC to nanoshells coated with 900-μg PEG∕20-μg FITC, the fluorescence ratio for folate functionalized nanoshells was 2.1× more intense than their molar equivalent PEG particle counterparts. This suggests that more folate nanoshells adhered to and/or were endocytosed by HeLa cells than their PEG coated counterparts. An unpaired two-tailed t-test was performed between folate nanoshells and their PEG molar equivalents. All t-tests showed statistical significance (Fig. 7) . Since all cell images were obtained with identical microscopy parameters, these results imply that increased nanoshell adhesion/endocytosis by HeLa cells is in part due to their surface modification.
Nanoshell Cell Endocytosis Experiments and Confocal Microscopy Image Analysis
The uptake of nanoshells by HeLa cells was investigated by confocal microscopy. Confocal microscope images were taken of HeLa cancer cells incubated with nanoshells modified with 200-μg folate∕20-μg FITC at different z positions: top, inner cut between top and middle slices, and the center cell cut. These confocal images were employed to assess if folate functionalized nanoshells were inside the cells, as opposed to being only on the cell membrane surface. To characterize folate induced endocytosis, a confocal microscopy comparison was made between folate and PEG functionalized nanoshells. As shown in Fig. 8(a Fig. 8(d) ]. Studies have shown that folic acid-drug conjugates can enhance cancer specificity and in some cases efficacy; 84 however, chemical modification of the drug may affect the drug's intrinsic activity. 85 Therefore, nanoparticle delivery is potentially beneficial since it enables release of a drug in its original, unmodified chemical form.
A modified fluorescence ratio analysis was performed on confocal images by drawing cell outlines around the center cut of individual cells (i.e., z-stack slice with the largest diameter) by using the red membrane cell stain images in order to avoid outlining the same cell more than once throughout the z-stack.
As can be seen in Fig. 9 , nanoshells functionalized with increasing amounts of folate have larger fluorescence ratios and their values are much greater than the corresponding PEG functionalized nanoshell samples. The confocal imaging fluorescence ratio values for 200 μg folate targeting nanoshells, 0.81 (SE AE 0.03), were almost identical to the two-dimensional (2-D) fluorescence microscopy imaging values, 0.77 (AE0.028), implying that most of the 200-μg functionalized nanoshells that adhered to the cells were actually internalized. These results indicate that folate modification not only facilitates the nanoshells to target cancer cell surfaces, but more importantly induces internalization. The fluorescence quantification method described allows for distinction between particle adhesion and internal uptake.
When the confocal fluorescence ratios of folate and their molar equivalent PEG nanoshell counterparts were compared, it was found that folate functionalized nanoshells were always significantly greater than PEG nanoshells. For highdensity surface functionalization coatings, the difference in fluorescence ratio were greatest. Nanoshells functionalized with 200-μg folate∕20-μg FITC had a 26× greater confocal fluorescence intensity ratio compared to the nanoshells functionalized with 900-μg PEG∕20-μg FITC. Note that the confocal fluorescence ratio for PEG functionalized nanoshells is close to that of the cells only samples, so these "x-fold increases" represents a minimum enhancement. An unpaired two-tailed t-test was performed between folate nanoshells and their molar equivalent PEG counterparts. All t-tests showed statistical significance (Fig. 9) .
As discussed earlier in Fig. 3 , the amount of FITC incorporated onto the silica nanoshell surface showed that more FITC was conjugated to the surface of plain and PEG nanoshells Fig. 7 Fluorescence ratio quantification of nanoshells cell adhesion/ endocytosis using fluorescence microscopy images. HeLa cells were incubated with 100 μg∕mL of FITC-Nanoshells functionalized with 0, 2, 20, 200 μg folate or 9, 90, 900 μg PEG. Outlines were drawn around each cell membrane stained with red WGA membrane stain. The mean green fluorescence intensity of each outline was collected and divided by the same cell outline mean red fluorescence intensity. This value is represented as fluorescence ratio [AEstandard error ðSEÞ]. Nanoshells functionalized with a higher concentration of folate showed higher adhesion and/or endocytosis by HeLa cells. Nanoshells functionalized with PEG showed partial adhesion/endocytosis by HeLa cells. Negligible adhesion/endocytosis for FITC only nanoshells was observed (*significant at p ≤ 0.05, ****significant at p ≤ 0.0001, n ¼ number cell outlines in set). compared to folate nanoshells, which suggests that the amount of folate-FITC nanoshells internalized may be higher than reported. Furthermore, it is important to note that FITC has an emission quantum yield which is dependent on pH. A dianion, which is present in significant amounts above pH 6, can be about three times more fluorescent than the monoanion and neutral forms of fluorescein. 86, 87 Therefore, if the nanoshells are endocytosed and localized in the endosome, the acidic environment of the endosome can decrease the intensity of the particles. 88 For this reason, the reported fluorescence values may further underestimate the amount of endocytosis. In order to avoid this, a non-pH sensitive dye such as rhodamine B isothiocyanate (RITC) can be used as an alternative dye for future studies; it is noted that the cells in this study were imaged postfixation so the differential pH in endosome could be diminished.
These results for 100-nm nanoparticles are supported by a similar study done by Rosenholm et al., 65 which showed that 400-nm folate targeted mesoporous silica nanoparticles are readily endocytosed by HeLa cells. To reliably distinguish between particle adhesion to the outer part of the membrane and particles internalized by the cells, Rosenholm quenched the extracellular FITC-PEI-folate silica nanoparticles. Their results showed that 48% of the fluorescence signal was lost after quenching, which suggests that about 52% of nanoparticles were effectively endocytosed. Although quenching of fluorophores is a relatively easy method, it is known that the quenching efficiency can vary, quenchers have low specificity, and it can also cause an increase in autofluorescence which can lead to a false positive signal. [89] [90] [91] Additionally, trypan blue, which is a typical quencher used for these types of studies, binds to proteins on the cell surface and the resulting complex shifts the green fluorescence to emit in the red channel. For this . Effective cell uptake is observed for folate functionalized nanoshells. Identical settings and gains were used across all microscopy images. A Zeiss LSM510 laser scanning microscope was used to take confocal images. Fig. 9 Quantification of nanoshell cell endocytosis by HeLa cells using confocal cross-sectional image analysis. HeLa cells were incubated with 100 μg∕mL of nanoshells with 20 μg of FITC functionalized with 0, 2, 20, 200 μg folate or 9, 90, 900 μg PEG. Using confocal images, cell outlines were only drawn for the slice with largest cell outline diameter which corresponds to the center cut of each individual cell. Cell outlines were based on the cell membranes, which were stained with red Wheat Germ Agglutinin (WGA) dye. The mean green fluorescence intensity of each outline was collected and divided by the same cell outline mean red fluorescence intensity. This value is represented as the confocal fluorescence ratio (AESE). Folate targeted nanoshells were highly endocytosed by HeLa cells at 20 and 200 μg folate in comparison to their PEG counterparts and nonfunctionalized FITC-nanoshells (***significant at p ≤ 0.001, ****significant at p ≤ 0.0001, n ¼ number cell outlines in set).
reason, computation of normalized fluorescence ratios is not the most ideal for the analysis presented in this study.
As discussed above, the present study shows that nearly all the 200-μg folate targeted nanoshells which adhered to the cell surface were effectively endocytosed by the cells as confirmed by confocal microscopy. Quantification of endocytosis using confocal microscopy and the fluorescence ratio analysis described is advantageous since no external quencher is introduced. The higher fraction of endocytosis in the present study compared to the Rosenholm et al. 65 study may be due to the higher surface density of folate and the use of smaller particles (i.e., 100-nm diameter particles compared to 400-nm diameter particles) in the present work among other factors. Several other aspects which may affect the difference in uptake of particles are varying parameters such as particle size and composition, incubation time, particle dose, orientation of folate on the nanoparticle, and type/passage of cell line.
Next, in order to determine the fraction of cells that show any degree of nanoshell endocytosis, the fraction of cells with confocal fluorescence ratios greater than 0.2 were tabulated as shown in Table 3 . The largest fluorescence ratio in the cells' only set was found to be 0.1, therefore, in order to have a conservative estimate for positive nanoshell endocytosis a multiple of twice this value was used as a cutoff. Cells with a fluorescence ratio value above 0.2 were considered to be cells demonstrating some type of nanoshell uptake, while cells with a fluorescence ratio below 0.2 were considered to be cells with no nanoshell endocytosis.
As can be seen in Table 3 , as folate concentration was increased on the nanoshell surface, the percentage of cells with a fluorescence ratio over the 0.2 cutoff value increased, while only a negligible fraction of the cells incubated with any of the PEG functionalized nanoshells showed internalization. For example, 95% of all HeLa cells incubated with nanoshells functionalized with 200-μg folate∕20-μg FITC had a value over the 0.2 cutoff value, implying that these cells had some level of nanoshell endocytosis. Conversely, none of HeLa cells incubated with 900-μg PEG∕20-μg FITC had a value above this cutoff, signifying that all the cells in this set did not show particle uptake.
Nanoshell Selectivity Experiments and Image Analysis
An important aspect for developing nanoparticles for biomedical applications is their selective targeting. The selectivity properties of folate functionalized nanoshells were studied using a cellular mixture consisting of HeLa cervical cancer cells and normal HFF-1 cells. For this study, only nanoshells functionalized with 200-μg folate∕20-μg FITC or 900-μg PEG∕20-μg FITC were studied because they showed the most cell interactions in the previous experiments for targeting and nontargeting interactions. As can be seen in Fig. 10 , under coculture conditions of HeLa and HFF-1 cells, folate targeted nanoshells almost exclusively adhered to HeLa cells at high numbers, while PEG functionalized nanoshells only bound to a few cells.
The difference in nanoshell cell selectivity between folate and PEG functionalized nanoshells was quantified. Cancer HeLa cells were stained with CMPTX CellTracker red intracellular dye and normal HFF-1 cells were stained with CMAC blue intracellular dye. Due to the use of these dyes, the fluorescence quantification analysis was slightly modified. As depicted in Fig. 10 , by using Image J, two different sets of cell outlines were created; one consisting of HeLa cell outlines that were produced using the red channel image and the other for HFF-1 cell outlines produced by using the blue channel image. These sets of outlines were applied to the same location/coordinates on their green channel counterparts by using the ROI manager in Image J. The Image J analyze/measure tools were used to determine the mean green fluorescence values inside each of the individual cell outlines. A background subtraction was applied to each cell outline by subtracting the average mean green fluorescence intensity of their corresponding cells' only sample set (i.e., average mean green fluorescence value of HFF-1 or HeLa only cell sets-while setting any negative values to zero). The mean green fluorescence intensities after background subtraction are referred to as relative mean green fluorescence values from hereon. Finally, these individual relative mean green fluorescence values were averaged for each set. The averaged relative mean green fluorescence values of HeLa cells to HFF-1 cells were compared to each other in each of the cell sample sets (cells incubated with folate functionalized nanoshells and cells incubated with PEG functionalized nanoshells). As shown in Fig. 11 , it was found that folate functionalized nanoshells adhered with higher selectivity to HeLa cells rather than to HFF-1 cells by 4.3×. The uptake levels of folate functionalized nanoshells in normal HFF-1 cells are similar to the low-uptake levels of nontargeted PEG nanoshells. A two way ANOVA was performed on this data set and all showed statistical significance (Fig. 11) . These findings indicate that folate functionalized nanoshells are selective toward HeLa cancer cells with negligible nonspecific binding or uptake by HFF normal cells. 
Conclusions
A simple fluorescence ratio analysis was developed in order to quantify and distinguish endocytosis versus cell adhesion. Hollow silica nanoshells functionalized with FITC and folate were synthesized and used as a targeting nanoparticle platform. The quantification method showed that folate functionalized SiO 2 nanoshells bound to HeLa cervical cancer cells by a factor of 2.1× more than PEG functionalized silica nanoshells. The confocal fluorescence ratio analysis was consistent with roughly 26× more folate functionalized nanoshells being endocytosed by HeLa cells compared to the internalization of similar nontargeted PEG nanoshells. Comparison between the fluorescence ratios from the 2-D and three-dimensional (3-D) fluorescence imaging shows nearly all the folate functionalized silica nanoshells were endocytosed, while a negligible amount of PEG functionalized nanoshells were endocytosed. Under HeLa/ HFF-1 coculture conditions, folate nanoshells were found to be selectively bound to HeLa cancer cells by a factor of 4.3×. The efficient internalization and selective properties of folate functionalized nanoshells make these particles promising candidates for selective targeted drug delivery. Furthermore, it has been shown that a fluorescence ratio analysis, when used in conjunction with 2-D fluorescence and 3-D confocal microscopy, can be a quick method to distinguish nanoparticle surface adhesion from nanoparticle internalization and can also quantify these parameters. The fluorescence ratio analysis described is a simple quantification method which can potentially eliminate the need for multiple washes and lysing steps, as well as the need to use multiple analytical techniques, to define nanoparticle-cell interactions. 
Mass of one hollow nanoshell (NS)
E Q -T A R G E T ; t e m p : i n t r a l i n k -; x 1 ; 6 3 ; 3 6 0 m solid nanoshell ¼ V solid × ρ amorphous silica 
Number of hollow nanoshells (NS) in 3 mg
E Q -T A R G E T ; t e m p : i n t r a l i n k -; x 1 ; 6 3 ; 1 9 2 3 mg of nanoshells × 4. Number of folate molecules on a nanoshell (on surface and core) Calculated using UV Vis data for nanoshells coated with only 200-μg folate: E Q -T A R G E T ; t e m p : i n t r a l i n k -; x 1 ; 3 2 6 ; 7 3 43.47 × 10 16 folate molecules∕3 mg of NS:
Therefore, E Q -T A R G E T ; t e m p : i n t r a l i n k -; x 1 ; 3 2 6 ; 7 0 1 3.47 × 10 16 6. Number of folate molecules per nm 2 on total NS surface area E Q -T A R G E T ; t e m p : i n t r a l i n k -; x 1 ; 3 2 6 ; 3 6 6 Number 7. Number of folate molecules on outer surface per NS E Q -T A R G E T ; t e m p : i n t r a l i n k -; x 1 ; 3 2 6 ; 2 2 4Number of folate molecules on outer surface per NS Equations: example calculations of weight factor, mass of single nanoshell (NS), and estimate of maximum amount of folate molecules on the surface of one nanoshell. The weight factor equation allows for a reasonable mass estimation of a hollow particle. The weight factor was determined by subtracting the internal volume of a nanoshell using the inner and outer radius that we calculated from our previous work. This ratio also allowed us to estimate the mass of an individual nanoshell, which we consequently used to calculate the number of nanoshells in a given mass and the maximum amount of folate molecules on the surface of one nanoshell based on UV-Vis collected data.
